Piracetam, a derivative of the neurotransmitter ã-aminobutyric acid (GABA), has a variety of physiological effects that may result, at least in part, from the restoration of cell membrane fluidity. At a neuronal level, piracetam modulates neurotransmission in a range of transmitter systems (including cholinergic and glutamatergic), has neuroprotective and anticonvulsant properties, and improves neuroplasticity. At a vascular level, it appears to reduce erythrocyte adhesion to vascular endothelium, hinder vasospasm, and facilitate microcirculation. This diverse range of physiological effects is consistent with its use in a range of clinical indications. Its efficacy is documented in cognitive disorders and dementia, vertigo, cortical myoclonus, dyslexia, and sickle cell anemia. While high doses are sometimes necessary, piracetam is well tolerated.
INTRODUCTION
Piracetam is a cyclic derivative of the neurotransmitter ã-aminobutyric acid (GABA), originally marketed in 1971 by UCB Pharma. It was the first "nootropic" drug (25) , an agent that acts on cognitive function without causing sedation or stimulation. While the mechanisms of action of piracetam have yet to be fully elucidated, it influences neuronal and vascular functions. Furthermore, vascular effects are peripheral as well as central, meaning that the clinical benefit of piracetam goes beyond its nootropic features. Indeed, piracetam is now indicated for use in vertigo, dyslexia, cortical myoclonus and sickle cell anemia in addition to age-related cognitive disorders. As piracetam has been available for striatum. This improvement of fluidity coincided with significantly improved avoidance learning (56) . No effect of piracetam on learning or membrane fluidity was found in young rats receiving piracetam.
The effect of piracetam on membrane fluidity is not limited to brain membranes, however. In a study reported by Müller and colleagues (55) , incubation with piracetam (1.0 mmol/L) significantly improved fluidity of platelet membranes (as measured using DPH anisotropy techniques) in samples from elderly but not young humans. Further effects of piracetam on membrane fluidity may be revealed through the use of alternative fluorescence probes; DPH anisotropy will only reveal changes in hydrocarbon core fluidity that are sensitive to DPH (55) .
Numerous neuronal and vascular effects of piracetam have been described ( Fig. 1 ) and will be discussed in the following sections. While conclusive data are not yet available, it is possible that changes in membrane fluidity could explain, at least in part, many of these physiological observations. For example, membrane fluidity is known to affect several membrane activities including membrane transport, chemical secretion, and receptor binding and stimulation (2, 11) .
PHARMACOLOGICAL EFFECTS OF PIRACETAM

Neuronal Effects
Effects on neurotransmission
Piracetam has important effects on neurotransmission that are not limited to any one type of neurotransmitter. It has been shown to influence cholinergic (54, 67, 80, 89) , serotoninergic (84) , noradrenergic (61) , and glutamatergic (9) systems. The modulation of these systems by piracetam does not result from direct receptor agonism or antagonism (piracetam has no affinity for these receptors; K i > 10 ìM) (28) . Instead, piracetam appears to increase the number of postsynaptic receptors and/or restore the function of these receptors. The membrane hypothesis of piracetam's action would predict that neurotransmitter function is affected by membrane fluidity because the fluidity of the membrane impacts CNS Drug Reviews, Vol. 11, No. 2, 2005 PIRACETAM 171 on the proteins embedded within the membrane. Neurotransmitters bind to these proteins modulating the flow of ions and other chemicals in and out of the cell and, therefore, influencing cell signaling. If fluidity is modified (e.g., by piracetam), neurotransmitter action, and thus cell signaling, would be affected.
The effect of piracetam on cholinergic and glutamatergic systems is likely to be particularly relevant to its clinical benefit in cognitive disorders, given the increasing evidence that dysfunction in these systems may be related to cognitive decline (77, 82) . Piracetam modifies hippocampal acetylcholine levels in the rat (89) and increases the population of muscarinic cholinergic receptors in the frontal cortex of aged but not young mice by up to 40% (67) . Furthermore, carbachol-induced accumulation of inositol-monophosphates (a measure of muscarinic cholinergic receptor function that decreases with age) was elevated following piracetam treatment suggesting that piracetam can normalize functional deficits associated with aging (54, 80) . In the glutamatergic system, 14 days of treatment with piracetam has been shown to significantly increase N-methyl-D-aspartate (NMDA) receptor density in the forebrain of aging mice by approximately 20%. Furthermore, piracetam treatment normalized the age-related elevated affinity of L-glutamate for the NMDA receptor, suggesting that it can restore NMDA receptor function (9) .
Neuroprotective effects
Preclinical studies have shown that piracetam appears to offer neuroprotective benefits in several circumstances. This is consistent with the suggestion that interactions between piracetam and membrane lipids may decrease the risk of membrane fusion (47) . Piracetam has been shown to reduce the incidence of animal death following barbiturate overdose, and to protect against morphological changes related to long-term alcohol use (5) . In alcohol-treated rats, piracetam administration is associated with a decrease in lipofuscin, a marker of neuron membrane damage (65); the volumetric density of lipofuscin granules in cerebellar Purkinje cells was 1.5 and 2.7% with and without piracetam, respectively (p < 0.01). Piracetam administration initiated in rats 1 h after cortical lesions and continued twice daily for 3 weeks also reduced the extent of ischemic damage relative to placebo (90) . At the end of the treatment period, animals receiving piracetam showed a 20-21% decrease in cortical tissue in the measured area, whereas the decrease in those receiving placebo was 26-30% (between-treatment difference, p < 0.03). Despite these promising preclinical findings, clinical studies have failed to demonstrate marked benefits of piracetam in individuals following acute stroke (15, 63, 70, 71) . This may be due to the difficulties in studying the heterogeneous stroke population.
Effects on neuroplasticity
Neuroplasticity refers to the adaptation of neural circuitry through the modification and development of synaptic and neural connections. This process is heavily involved in learning and memory and has also been implicated in limiting the effects of ischemic damage and degenerative lesions. The neuroplastic effects of piracetam have been reported in two studies involving alcohol-treated rats (4, 5) . Alcohol consumption is associated with neuronal loss, which may be exacerbated during withdrawal. In addition to reducing withdrawal-related neuronal loss (5) , piracetam has been shown to increase the number of synapses in the hippocampus by up to 20% relative to alcohol-treated or alcohol-withdrawn rats (4). This latter observation suggests that piracetam promotes neuroplasticity when neural circuits are recoverable.
Anticonvulsant effects
The anticonvulsant action of piracetam is well documented in animal studies. Administration of piracetam prior to a convulsant stimulus reduces seizure severity in rats prone to audiogenic attacks (3). Furthermore, piracetam enhances the anticonvulsant effects of carbamazepine (31, 51, 52) , and diazepam (43) . For example, the combination of piracetam with carbamazepine protected 80%, instead of 30%, of animals from electroshock-induced convulsions (p < 0.001) (51) . The anticonvulsant mechanism of piracetam is not fully understood, but may be related to its effects on neurotransmitters.
Vascular Effects
Effects on erythrocytes
Studies suggest that piracetam exerts a number of effects on erythrocytes, such as decreased adhesion to endothelium (57) . These effects are likely to facilitate movement of erythrocytes through the circulation.
Reduced erythrocyte adhesion to the endothelial wall following piracetam administration was reported by Nalbandian and colleagues (57) . Blood taken from healthy individuals and from those with sickle cell anemia was incubated with saline or 1.5 mmol/L of piracetam for at least 30 min prior to additional incubation with endothelial cell culture (57) . Piracetam significantly reduced adhesion to endothelial cells in both normal (normalized adherence = 1.0 and 0.88 for saline and piracetam, respectively, p < 0.02), and sickle cell preparations (normalized adherence = 1.15 and 0.84 for saline and piracetam, respectively, p < 0.02).
Effects on blood vessels
Studies have indicated that piracetam exerts an effect on blood vessels. For example, in vitro, 2 mg/kg piracetam decreased the time taken for rabbit pial vessels to return to normal diameter following a period of induced arteriolar spasm (10.4 vs. 5.1 min for 0.02 and 2 mg/kg of piracetam, respectively) (69) . A single tablet dose of piracetam (3.2, 4.8, or 9.6 g) has also been reported to stimulate prostacyclin synthesis (53) . Mean 6-keto-PGF 1á before and 4 h after 4.8 g piracetam was 58.8 vs. 129.2 pg/mL, respectively (p = 0.02). This effect on prostacyclin synthesis is likely to contribute to the vascular effect of piracetam since prostacyclin has vasodilator as well as platelet aggregation inhibitory properties (48) (49) (50) 76) .
Effects on blood coagulation
Piracetam may also influence blood coagulation. In healthy humans, a single dose of piracetam (3.2 to 9.6 g) reduced plasma levels of fibrinogen and von Willebrand factor in a dose-dependent manner by up to 40% (53) . Fibrinogen and von Willebrand factor are involved in hemostasis.
Effects on microcirculation
Enhanced cerebral blood flow has been reported following piracetam treatment in hypotensive cats and in humans with acute cerebral ischemia (35, 73) . Additionally, piracetam appears to influence microcirculation at the peripheral level. Following treatment with piracetam, renal blood flow was significantly greater in ischemically damaged rat kidneys relative to controls (24) , and, in a separate experiment, blood flow significantly increased in the cochlea of guinea pigs without any marked change in blood pressure (45) .
This improved microcirculation by piracetam is likely to result from a combination of its effects on erythrocytes, blood vessels and blood coagulation. While the vascular effects of piracetam are likely to be important in all of its clinical uses, they have particular relevance to its efficacy in sickle cell anemia.
PHARMACOKINETICS
Piracetam is rapidly absorbed. Following oral administration, peak plasma concentrations in fasting subjects are achieved in approximately 30 min (27) . Following a single oral dose of 3.2 g, peak concentration is typically 84 ìg/mL. Oral formulations of piracetam are extensively absorbed with a bioavailability close to 100% (27) . No metabolites of piracetam have yet been discovered and the drug is excreted unchanged in the urine by glomerular filtration (26) . While food does not affect the extent of absorption of piracetam, it does decrease the maximal plasma concentration of the drug by 17% and prolong t max to 1.5 h. Piracetam crosses blood-brain and placental barriers and is found in all tissues, except adipose tissue. The uptake into the brain is less rapid than into the circulation, and, at nearly 8 h, half-life in cerebrospinal fluid is longer than in plasma (about 5 h) (26) .
TOLERABILITY
Piracetam is remarkably well tolerated. In preclinical trials, no irreversible toxicity was reported in mice, rats or dogs receiving single oral doses of up to 10 g/kg. In a pooled analysis of 91 double-blind, placebo-controlled studies (piracetam n = 3017, placebo n = 2850), hyperkinesia, weight gain, nervousness, somnolence, depression and asthenia were slightly increased with piracetam, although the incidence of each of these events was less than 2%.
CONTRAINDICATIONS AND DRUG INTERACTIONS
Due to its renal clearance, piracetam dose should be adjusted in patients with renal insufficiency and the drug is contraindicated in patients with end-stage renal disease. Piracetam should not be prescribed to patients with cerebral hemorrhage. While reproductive studies in animals have not identified any risk to the fetus, studies in humans have not been conducted and so the use of piracetam in pregnant or lactating women should be avoided. Piracetam is neither metabolized by the liver nor bound to plasma albumin. The potential for drug-drug interactions is, therefore, low. Although piracetam enhances the anticonvulsant effects of carbamazepine (see above), no interactions with sodium valproate have been reported (6) . There are no known interactions of piracetam with any other drugs.
THERAPEUTIC DOSE RANGE
The dosing of piracetam varies according to indication. For cognitive disorders and vertigo it is 2.4-4.8 g daily p.o., for dyslexia it is 3.2 g daily p.o., for cortical myoclonus it is 7.2-24.0 g daily p.o., for prophylaxis of vaso-occlusive crises in sickle cell anemia it is 160 mg/kg/day p.o., and for remission of vaso-occlusive crises it is 300 mg/kg/day i.v. in four divided doses.
CLINICAL USE
Consistent with its varied pharmacological effects, piracetam has documented benefit in a diverse range of indications.
Cognitive Disorders
Some loss of cognitive function is to be expected in the elderly. There is, however, a marked variability in the extent of this dysfunction. At one end of the scale, changes defined as normal include mild deficits in memory, perception and spatial recognition, and a reduction in cognitive speed (8, 13, 68, 79) . At the other end of the scale, a proportion of elderly people will develop dementia, with substantial cognitive dysfunction, impaired judgment, personality changes and loss of independent functioning. As the aging population grows, it becomes increasingly important to develop treatments to target the range of cognitive dysfunction in the elderly.
A number of pharmacological properties are relevant to the use of piracetam in cognitive disorders. For example, it has been suggested that age-related cognitive changes result from alterations in membrane structure and function (81) . Furthermore, the cholinergic and glutamatergic neurotransmitter systems have been implicated in age-related cognitive decline (77, 82) , and neuroplasticity has been reported as a compensatory mechanism in response to Alzheimer's disease pathology (42) . It is, therefore, no surprise that the benefits of piracetam in a range of cognitive disorders in the elderly have been reported in several studies (7, 12, 33, 34, 38, 64) . In one study, 162 patients with age-associated memory impairment received piracetam 2.4 g/day, piracetam 4.8 g/day, or placebo for 3 months (38) . All patients were also enrolled in a memory training program. The improvement with piracetam 4.8 g/day was significantly greater than with placebo alone on a range of memory tests including immediate (p < 0.0004), global (p < 0.002), and delayed (p < 0.04) recall. Piracetam 2.4 g/day produced a significantly greater improvement than placebo in immediate recall (p < 0.03).
The benefit of piracetam in the treatment of dementia is limited by the extent of the underlying pathology of the disease. Nevertheless, studies have shown that piracetam can improve cognition in patients with dementia (12, 33, 34, 64) . A study of 130 patients diagnosed with mild-to-moderate dementia compared the effect of piracetam (4.8 g/day) with placebo for 12 weeks on a range of psychometric and clinical assessment scales (33, 34) . At the end of treatment, patients had significantly greater improvements with piracetam than with placebo on all scales (p < 0.001). This study demonstrates that piracetam improves functioning on clinically relevant scales.
Longer-term treatment with piracetam may also limit cognitive deterioration. A yearlong, double-blind study assessed the effect of piracetam or placebo on the performance of 33 patients with early probable Alzheimer's disease on 14 psychometric tests (12) . Over the year, placebo-treated patients deteriorated on nine of the 14 scales whereas piracetamtreated patients deteriorated on only one scale. Importantly, given the small samples involved in some of the above studies, two metaanalyses have also examined the effect of piracetam on individuals with age-related cognitive disorders (23, 87) . Both of these analyses used data from Clinical Global Impression of Change (CGIC) rating scales from various studies. The CGIC is an important measurement tool as it determines the clinical relevance of any reported symptomatic improvements. Indeed, the Committee for Proprietary Medicinal Products (CPMP) Note for Guidance on Medicinal Products in the Treatment of Alzheimer's Disease (10) recommends that a global assessment of change such as the CGIC should be part of all clinical trials involving patients with Alzheimer's disease as it is a way to validate results obtained in comprehensive scales or objective tests. These global measures are not sensitive to small changes that may be clinically insignificant (75) ; any change on the scale is clinically meaningful by definition.
The smaller meta-analysis included six randomized, placebo-controlled trials of patients (n = 477) with vascular dementia, unclassified dementia, Alzheimer's disease or cognitive impairment not fulfilling the criteria for dementia (23) . The odds ratio for improvement on the CGIC in patients receiving piracetam compared with those receiving placebo was 3.47 [95% CI: 1. 29, 9.30] or 3.55 [2.45, 5.16 ] depending on whether a random or fixed effects model was used.
The second meta-analysis examining the effect of piracetam on the CGIC used a greater number of studies and a larger number of patients (87) . This analysis incorporated both published and unpublished studies to reduce publication bias for favorable results that may overestimate the benefit of piracetam. In total, 19 studies (nine published, 10 unpublished) involving nearly 1500 patients were included. All were parallel-group, double-blind, placebo-controlled trials conducted between 1972 and 1993 involving patients aged over 50 years with age-related cognitive disorders and degenerative dementia. The meta-analysis included studies that lasted 6-52 weeks and involved piracetam doses of 2.4-8 g/day.
This meta-analysis showed that more than 60% of piracetam-treated patients improved on the CGIC compared with approximately 30% of patients receiving placebo (Table 1) . These findings translate to an odds ratio for improvement in CGIC in favor of piracetam that ranged between 2.45 (95% CI: 1.93-3.11) and 3.35 (95% CI: 2.70-4.17) depending on the statistical method used. Overall, the meta-analysis reported that between three and five patients would need to receive piracetam to prevent one negative outcome compared with placebo. The findings of this meta-analysis are consistent with those of the Flicker and Grimley Evans (23) , but with increased robustness as demonstrated by smaller confidence intervals. While the results of these two meta-analyses were significant and indicate an overall benefit of piracetam in the treatment of cognitive disorders, additional largescale randomized trials with piracetam in this population are desirable.
Vertigo
Vertigo is a type of dizziness that specifically refers to the illusion of movement of the self or the environment that is typically rotatory in nature. It results from disturbances in the vestibular system that can be peripheral (e.g., abnormalities in the vestibular apparatus) or central (e.g., cerebrovascular disease). Lack of sensory input from proprioceptive or visual sources can also contribute to symptoms. The clinical benefit of piracetam in vertigo may result from its effects on neurotransmission and microcirculation.
In a double-blind study of 143 elderly patients with chronic vertigo of central, peripheral or unspecified origin, piracetam 2.4 g/day was compared with placebo (72) . Following 8 weeks of treatment, the number of episodes of vertigo in 2 weeks preceding evaluation had decreased by approximately nine with piracetam compared with an increase of approximately three with placebo (p < 0.05). There was no difference between the treatments in attack severity. However, between attacks, piracetam had a significantly greater beneficial effect on severity of malaise (p < 0.05) and severity of imbalance (p < 0.01) than placebo, as measured by patients on a visual analog scale.
Several other studies indicated efficacy of piracetam on vertigo of central, peripheral, or mixed origin (29, 62) and also on postconcussional vertigo (1, 17, 30) .
Cortical Myoclonus
Cortical myoclonus refers to a range of motor conditions that result from abnormal electrical activity in the sensorimotor cortex. These conditions are characterized by uncontrollable muscle movements, which may be entirely spontaneous or occur in response to certain sensory stimulants or movement. Myoclonus may also be accompanied by generalized seizures (60, 86) . Cortical myoclonus can be severely debilitating, limiting speech and disrupting most aspects of daily functioning. Traditional anticonvulsants typically control seizures but are less effective in managing involuntary muscle movements (86) .
Piracetam is useful in several types of cortical myoclonus, sometimes causing marked improvements when other therapies have failed (78) . Its success in treating myoclonic conditions alone or in combination with other anticonvulsants has been reported in several case reports and open trials (22, 37, 39, 58, 59, 83) and in two double-blind studies (6, 41) . In the first of the double-blind studies, 24 patients with cortical myoclonus were included in an open-label run-in period to identify responders to piracetam and to establish clinically effective doses (6) . Of these, 21 patients (87.5%) entered the double-blind, cross-over stage, during which they received piracetam (2.4-16.8 g/day) or placebo alone or in combination with existing anticonvulsant treatment. Performance on six of the seven measures of myoclonus significantly improved following piracetam relative to placebo (Fig. 2) .
These findings are consistent with those reported in a double-blind cross-over study by Koskiniemi and colleagues (41) . While not all patients will respond to piracetam, they concluded that "every patient with myoclonus symptoms warrants a trial of therapy with piracetam." Both of these studies also showed that abrupt discontinuation may induce a return to the previous clinical condition. Piracetam should, therefore, be discontinued gradually.
Dyslexia
Dyslexia can be defined as a specific difficulty in interpreting written language despite adequate intelligence and normal vision. It is often accompanied by problems with writing or spelling. Several double-blind studies have investigated piracetam in the treatment of dyslexia, and, while the findings are not entirely consistent, most report a significant effect of piracetam relative to placebo on reading speed and/or accuracy (18, 44, 85, 88) . In one study, 225 children with dyslexia, between 7 and 12 years of age, received piracetam 3.3 g/day or placebo for 36 weeks (88) . At the end of treatment, piracetam significantly improved reading, compared with placebo as measured by the Gray Oral Reading Test total passage score (mean adjusted change from baseline: 7.5 and 6.0 for piracetam and placebo, respectively, p = 0.043) and by the Gilmore Oral Reading Test comprehension score (mean adjusted change from baseline: 4.3 and 2.7 for piracetam and placebo, respectively, p = 0.009). The improvement of dyslexia with piracetam is modest, however, and may take months to manifest. Best results are likely to be achieved when piracetam is combined with education programs.
Sickle Cell Anemia
Sickle cell anemia is a genetic condition resulting from abnormal or sickled hemoglobin. This abnormal hemoglobin makes erythrocytes more rigid (i.e., have reduced CNS Drug Reviews, Vol. 11 ( 0-28) (0-10) ( 0-4) (0-10) (0-40) ( 0-10) p = 0.003 p = 0.03 p = 0.002 p = 0.02 p = 0.01 p = 0.002 deformability) and causes them to adhere more readily to the endothelial wall relative to healthy subjects (32, 36, 40) . This erythrocyte adherence tends to occlude capillary blood flow resulting in local tissue damage and periods of pain, known as sickle cell crises. Piracetam exerts a number of effects on erythrocytes making it a potential candidate for treatment of this disease, and indeed, studies have shown its efficacy in prophylaxis and during crises (14, 16, 20, 46) . In the largest of these studies, 101 children between 3 and 12 years of age received piracetam (300 mg/kg/day during crises and 160 mg/kg/day as prophylaxis) or placebo according to a double-blind design for up to 1 year (20) . Data for children of 3 to 6 years and 7 to 12 years of age were analyzed separately. In both age groups, piracetam significantly reduced (relative to baseline) severity index (p < 0.001), number of crises (p < 0.05), number of hospitalizations (p < 0.05), and number of blood transfusions (p < 0.05). At the end of the study, in both age groups, the number of crises was significantly reduced in children receiving piracetam compared with those receiving placebo (p < 0.05). Furthermore, piracetam-treated children aged 3 to 6 years had a significantly reduced severity index compared with placebo-treated children of this age (p < 0.05).
CONCLUSION
Piracetam is a well-tolerated drug with documented clinical benefit in several conditions including age-related cognitive disorders, vertigo, cortical myoclonus, dyslexia and sickle cell anemia. Its efficacy in these conditions appears to result from a range of neuronal and vascular effects that may be related to restored membrane fluidity. Additional large-scale, controlled studies would allow researchers and clinicians to gain further insight into the clinical benefits of this interesting drug.
